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Adaptations
TERRY

for Flight in Bats
A.

VAUGHAN

Flight developed independently in three groups of vertebrates. From
reptilian ancestry arose the pterosaurs and the birds, and bats evolved
from primitive mammals. Pterosaurs became extinct, together with their
relatives the dinosaurs, more than 75 million years ago, whereas both
birds and bats are still remarkably successful today. Pterosaurs probably
used mostly gliding flight, but birds and bats use primarily flapping
flight. Birds and bats use different styles of flight, probably as a result
of the different ways in which these animals perceive their environments.
Vision, which is used by birds for orientation, allows the recognition of
obstacles at considerable distances. Bats, in contrast, use echolocation
for orientation; this system enables primarily short-range perception of
obstacles and necessitates fairly slow flight with high maneuverability.
Although each group of flying vertebrates utilized somewhat different
styles of flight, each met the same basic mechanical demands of flight.
Each de,,eloped lifting surfaces, a means of propulsion, and each concentrated weight near the center of gravity. This paper will discuss these
basic adaptations to flight as they occur in bats, and will consider
~elected structural and functional refinements that have served to perfect
bats as flying animals.
The following discussions will be based primarily on advanced members of the suborder Microchiroptera, in which the distinctive chiropteran adaptations to flight are well developed.
LIFTING

SURF ACES

The wings are the primary lifting surfaces in bats, and consist
basically of two layers of skin stretched between the greatly elongated
elements of the forelimb (Fig. 1). Each segment of the bony framework
of the wing is extremely long as compared to the same segment in
comparable-sized terrestrial mammals, but the greatest relative elongation has occurred in the distal segments. The third digit, for example,
is longer in many bats than the combined length of the humerus and
radius. The short thumb is the only clawed digit, is mostly free from
the membranes, and is variously used for climbing, running or food
handling. The phalanges of the other digits usually fold back beneath
the metacarpals when the wing is folded, allowing the hand to form
a fairly compact, manageable bundle.
In many bats, but not in most tropical species that roost by hanging
pendant from the ceilings of caves, a membrane (the uropatagium) is
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present between the hind limbs (Fig. 2). The uropatagium is generally
large in maneuverable, insectivorous species. In the leaf-chinned bat
(Mormoops megalophylla) shown in Fig. 2, for example, this membrane
is roughly one sixth of the area of the wings. The position of the
uropatagium during flight is determined by the posture of the hind limbs
and tail. In many species the calcar, a bone that articulates with the
calcaneum of the ankle, serves to spread and reinforce the posterior
margin of the uropatagium (Fig. 2). During flight, in most species that
lack a uropatagium, the hind limbs are held almost directly behind the
body; but the legs are spread widely apart in bats that have a uropatagium (Fig. 2).
Seemingly, the uropatagium serves several functions. In addition to
providing a lifting surface supplementary to the wings, this membrane
increases the total surface area used in the rapid braking and turning
maneuvers associated with the pursuit of insects, and contributes to the
remarkable maneuverability characteristic of most bats. Studies of highFIG. I. Right wing of the big fruit-eating bat Artibeus lituratus showing the
patterns of elastic fibers in the membranes. The following sections of the wing
are shown: chiropatagium (between second and fifth digits); plagiopatagium
(behind forelimb and between fifth digit and body); propatagium (anterior to
the forearm and upper arm). The following structures are shown: a, occipitopollicalis muscle; b, distal tendon of occipito-pollicalis muscle; c, distal ligament
of second digit; d, muscle strands; e. humeropatagialis muscle; f, coraco-cutaneous
muscle.
FIG. 2. Three contrasting types of interfemoral membranes (uropatagia)
occurring in neotropical bats: A, leaf chinned bat (Mormoops megalophylla);
B, tailess bat (Anoura geofjroyi); C, big fruit-eating bat (Artibeus lituratus):
Small letters indicate the uropatagium (a) and the calear (b).
FIG. 3. Lateral views of the elbow joint and wrist of the leaf-chinned bat
(Mormoops megalophylla) showing the actions of selected muscles. The origin of
the extensor carpi radialis longus and brevis (a) and that of the flexor carpi
ulnaris (b) are well away from the center of rotation of the elbow joint.
Therefore, flexion and extension of the forearm changes the positions of the
origins relative to each other and to the center of rotation of the elbow joint.
Flexion of the forearm (A) causes movement of the origin of the extensors
(a) and flexor (b) in the directions shown by the arrows. Extension at the
elbow (B) causes the origins to shift in the opposite directions to those shown
in A. Flexion of the forearm tends to apply tension to the flexor and release
tension on the extensors (C). Extension applies tension to the extensors and
releases tension on the flexor (D). These changes in tension are transmitted
via tendons to the insertions of the extensor muscles (a, extensor carpi radialis
longus; b, extensor carpi radialis brevis) and the flexor muscle ( c). As a
result, flexion of the forearm tends to cause flexion of the fingers (A) and (C),
whereas extension of the forearm tends to cause extension of the fingers (B
and D). In part D a cross section of the fifth metacarpal is shown ( d).
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speed photographs of flying bats suggest that an additional function
Fondren Science Series, Vol. 1, No. 11 [1970], Art. 8
may be to dampen oscillations of the body caused by the beating of
the wings (Vaughan, 1955: 122). During the wing-beat cycle in bats
the wings swing well anterior to the center of gravity of the animal
at the bottom of the downstroke, but move posterior to the center of
gravity at the top of the upstroke. As a result, the front part of the
body tends to pitch upward with the downstroke and downward with
the upstroke. Because the hind limbs and uropatagium move in
synchrony with the wings, the differences in the lift produced by the
uropatagium at different stages in the wing-beat cycle tend to offset the
pitching of the body. The uropatagium is cupped downward at the
bottom of the downstroke and is probably producing maximum lift at
this time, thus tending to raise the posterior part of the body and to
counteract the upward pitching of the anterior part of the body. At the
top of the upstroke, however, the uropatagium is not cupped downward and is producing minimum lift, tending to allow the posterior part
of the body to drop and to offset the downward pitching of the anterior
part of the body. Probably at all stages of the wing-beat cycle, and
perhaps during some complex maneuvers, the amount of lift produced
by the uropatagium partially compensates for any tendency toward
upward or downward pitching of the body as the wings move anterior
or posterior to the center of gravity.
In bats, as in birds, while the distal part of the wing (in bats the
chiropatagium) functions most importantly in propulsion, the proximal
part of the wing (in bats the plagiopatagium and propatagium) serves as
the major lifting surface throughout much of the wing-beat cycle
(Vaughan, 1959:120). (The parts of the wings of the bat are shown in
Fig. 1). Just as an airplane wing must be maintained at an optimal angle
of attack ( angle that the chord of the airfoil makes with the plane of
motion of the wing) to develop maximum lift, the proximal segment of
the wing in bats must be held at an angle of attack at which this surface
serves effectively to develop lift. The leading edge of the proximal segment is braced by a sturdy strand of muscle and by the radius and ulna;
but the trailing edge is braced entirely by elastic fibers and, in some cases,
by threadlike strands of muscle (Fig. 1), and is stretched tautly between
the fifth finger and the hind limb. Because they anchor the distal and
trailing edge of the plagiopatagium, the hind limbs and the fifth digit
are important in determining the angle of attack of this membrane. The
hind limbs are fairly heavily muscled and are attached to a part of the
plagiopatagiurn that moves relatively little during the wing-beat cycle.
The slender fifth finger, however, is not heavily muscled; further, it
anchors a section of the membrane against which considerable air pres-
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sure is directed during flight. The critical aerodynamic importance of
this anchoring function is reflected by a series of remarkable osteological
and muscular specializations of the forearm and hand serving to reinforce the fifth digit against "give" during the wing's downstroke.
Several osteological specializations are of major importance in bracing the fifth digit. First, the articulations between the carpals (wrist
bones) are such that the joint between the fifth metacarpal and the
carpus is steadied against dorsal movement by a complex "dovetailing"
of the bases of the metacarpals. This overlapping allows the base of the
fifth metacarpal to be steadied against dorsal movement by the bases
of metacarpals two through five (Fig. 6). Secondly, the pisiform bone,
anchored proximally by a heavy ligament to the scapholunar bone
and distally by ligaments to the ventral base of the fifth metacarpal, is a
sturdy strut spanning and bracing the fifth carpometacarpal joint. The
pisiform is greatly enlarged and has a complex shape in certain strongflying species. A third modification, present in many species of bats,
involves the cross-sectional shape of the fifth metacarpal. This bone is
round in most mammals, but in some bats is variously modified into a
somewhat T-shaped or I-shaped cross section (Fig. 3). This flattening
of the cross section has the same reinforcing effect as that in a metal
"I-beam"; both the metal beam and the metacarpal are braced against
forces operating in the same plane as the long axis of the cross section.
The metacarpal, therefore, is braced to withstand the considerable force
of the airstream against the plagiopatagium that tends to bend this bone
upward or downward during flight. An additional important specialization involves all of the bones of the hand and wrist. The articulations
between these bones are remarkably complex and limit movement of the
fingers to the plane parallel to the chord of the wing.
Complementing these modifications of bones that brace the fifth digit
is a series of unique structural modifications affecting muscles, ligaments and tendons. One particularly important muscle, obvious even
in high-speed photographs of bats in flight, is the abductor digiti quinti.
This stout muscle is largely tendinous in most species, originates on the
scaphoid bone of the wrist and inserts on the fifth metacarpophalangeal
joint, and acts like a taut bowstring spanning the ventral surface of the
dorsally arched fifth metacarpal. This muscle does double duty by bracing the fifth carpometacarpal joint, and by helping to maintain the airfoil-producing dorsal "bow" of the fifth metacarpal. In turn, this muscle
is aided by the abductor pollicis longus, a muscle that pulls the scaphoid
toward the forearm. A reinforcing linkage between the forearm and the
fifth finger is thus formed by a muscle of the forearm, a wrist bone and a
muscle of the hand. Maintenance of a fairly constant angle of attack of
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the proximal segment of the wing, a function basic to developing adequate lift for flight, is assured, then, by a series of specializations involving all of the wrist bones, two muscles, a system of ligaments, and all of
the metacarpals but the first. For the proximal segment of the wing to
develop lift and to support the animal during flight, however, the
airfoil must move fairly rapidly through the air. What provides the propulsive force resulting in this movement?
PROPULSION

In bats, and in all other flying animals, movement through the air
is caused by thrust produced when the wings move rapidly up and
down. While the proximal segment of the wing maintains a similar
angle of attack throughout the wing-beat cycle, the chiropatagium acts
much like a variable-pitch propeller. The angle of attack of the chiropatagium varies markedly at different parts of the wing-beat cycle. The
proximal end of the wing is strongly anchored by the limbs and moves
little during a stroke of the wing, but the wing tip moves through a
wide arc during each stroke. Consequently, during a stroke each successive part of the wing from base to tip moves progressively faster and
the amount of pressure exerted against each segment of wing surface
of the pectoral girdle of the
Fm. 4. Anterior view (semidiagrammatic)
pigeon (Columba livia) and the hoary bat (Lasiurus cinereus). The courses of
some major flight muscles are shown diagrammatically by arrows that go from
origin to insertion of each muscle. In the pigeon (A) the deep division of the
pectoralis (a) raises the wing causing the upstroke, and the superficial division
of the pectoralis (b) powers the downstroke. In the bat (B) three musclessubscapularis (a), posterior division of the serratus anterior (b), pectoralis
in producing the downstroke of the wing.
(c)-cooperate
FrG. 5. Anterior view of the left shoulder joint of a free-tailed bat (Molossus
ater) showing the locking device formed by the humerus and scapula. At the
top of the upstroke of the wing (A) the greater tuberosity of the humerus (b)
locks against the scapula. In the downstroke (B) the tuberosity moves away
from the locked position. Structures labeled are the acromion process of the
scapula (a), the greater tuberosity of the humerus (b), and the coracoid process
of the scapula ( c).
Fm. 6. Medial view of the wrist of the big fruit-eating bat (Artibeus lituratus). Note the complicated dovetailing of the bases of metacarpals two to
five. The base of the fifth metacarpal rests against, and is braced by, the base of
the fourth metacarpal, which in turn is braced by the bases of metacarpals
two and three. Reinforcement for the articulation between the fifth metacarpal
and the magnum (a) is provided by the pisiform (h), which is braced by a
broad ligament connecting the pisiform to the scaphoid ( d). The following
bones are shown: metacarpals one to five (1-5), magnum (a), trapezium (b),
lunar (c), scaphoid (d), distal end of radius (e), cuneiform (f), unciform (g),
pisiform (h).
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greater toward the wing tip. Owing to this pressure
becomes progressively
Fondren Science Series, Vol. 1, No. 11 [1970], Art. 8
gradient and to the slight "give" at the joints of the fourth digit, the
trailing edge of this section is forced upward during the downstroke
and downward during the upstroke. The wing tip, then, moves rapidly
through the air with an angle of attack similar to that of a propeller,
and like a propeller, it produces forward thrust. The amount of thrust
produced is variable, depending on the speed of the stroke and the
resultant angle of attack that the tip of the wing assumes. After studying
high-speed photographs of bats in flight, I would estimate that less than
20% of the surface of the wing functions to produce thrust. Nevertheless, the efficiency with which this propulsion surface functions is of
great adaptive importance.
Several features of the wing tip contribute to its efficiency as a propeller. The fourth digit is somewhat less strongly built than the third
digit and the articulations between its elements are less strongly braced.
While the third digit forms much of the rigid leading edge of the chiropatagium, the fourth digit allows for displacement sufficient to alter the
angle of attack of the wing tip. Of considerable importance in assuring
proper functioning of the wing tip, and indeed of all of the flight membranes, is the structure of the membranes themselves. These are
braced by elastic fibers, other connective tissue, and in many cases by
muscles (Fig. 1). The patterns of the elastic fibers show great variation
between species and families, but in all bats the same essential functions are served. In the interest of aerodynamic efficiency, the membranes of bats must be moderately rigid when fully spread; the membranes must also be strong enough to resist tearing under the stress of
flight and under usual wear and abrasion. Further, they must be elastic
and flexible enough to fold into a compact bundle when the bat is at
rest. The ability of the membranes to perform these functions effectively
is due, in part, to the remarkably complex patterns of elastic tissue that
reinforce all parts of the flight surfaces (Vaughan, 1966). Tautness
of the membranes during flight is due also to the resilience imparted by
thin strands of muscle in even the peripheral parts of the membranes
in some bats. In addition, regulation of tautness is controlled by larger
muscles that originate on the humerous and anchor the system of elastic
fibers and peripheral strands of muscle (Fig. 1).
Bats probably evolved from tree-dwelling insectivores that in turn
arose from terrestrial progenitors (Romer, 1966:212). In the terrestrial ancestors, assuming their musculature to resemble that of presentday shrews or rodents, the largest muscles were those of the hind limbs
that controlled propulsive movements. Such movements were probably
directed fore and aft, with the limbs oriented vertically beneath the
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body. The primitive, tree-living ancestors of bats were perhaps "preadapted" to flying motions, for in climbing mammals the limbs are at
times held out to the side of the body, and grasping movements, involving muscles able to pull the limbs downward from a horizontal position,
are important. These same muscles in the forelimbs were specialized
further along these lines in bats, in which powerful downward strokes
of the wings supply most of the propulsion necessary for flight. In bats
basically the same complement of muscles as occurs in terrestrial mammals is retained; but the largest muscles, and those most important in
locomotion, are muscles of the forelimb, rather than the hind limb, and
are muscles that pull the wing downward from a position above the back
(adductors), rather than move the limb backward and forward (flexors
and extensors) .
The power stroke of the wings in bats is the downstroke, and is controlled by the three largest muscles of bats, the pectoralis, the subscapularis and the posterior division of the serratus anterior. The first two
muscles insert near the proximal end of the humerus and pull it downward. The serratus anterior, however, does not attach to the humerus
but originates on the ribcage and inserts on the lateral border of the
scapula (Fig. 4). Because of a specialized locking mechanism formed
by the humeroscapular articulation (Fig. 5), this muscle is able to aid
in the downstroke of the wing. At the upper limit of the upstroke the
enlarged greater tuberosity of the humerus locks against a depression
on the dorsal surface of the scapula, transferring the force of the
upstroke to the scapula and tending to tip the lateral border of the
scapula upward. By anchoring the lateral border of the scapula such
that this tipping is stopped, the serratus anterior stops the upstroke. By
pulling the lateral border of the scapula downward, the force is transferred from the scapula, through the locked shoulder joint to the
humerus, and the downstroke is initiated. Seemingly, two important
functional ends are served by this arrangement (Vaughan, 1959:72).
First, the serratus anterior relieves the pectoralis and the subscapularis
of the burden of stopping the upstroke and extends the resting period
of these muscles during the upstroke. This lengthened resting period may
increase the endurance of bats in flight. Secondly, the freedom of the
scapula to rock on its axis and then be pulled downward at the start
of the downstroke probably results in a faster downstroke than would
occur if the scapula were rigidly braced against the ribcage. The scapula
rocks on its long axis during each wing-beat cycle, with the point of
contact between the scapula and the clavicle determining the axis of
rotation. Accordingly, the scapula can act as another segment of the
wing, and the articulation between the scapula and the clavicle adds
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another joint to the wing. The speed of the wing beat in bats is therefore determined by the speed of movement at both the shoulder (scapulohumeral) joint and at the joint between the clavicle and the scapula
( the elbow and wrist joints allow movement only in an anteroposterior
direction). Because the speed of action of a limb is determined by the
sum of the speeds of movement at each joint, the addition of a joint
to the wing increases the speed of the wing-beat cycle.
The upstroke phase of the wing-beat cycle is largely a recovery stroke.
Judging by the sizes of the muscles most important in controlling the
upstroke (the deltoideus group, the trapezius group and the supraspinatus and infraspinatus muscles), much less power is needed for the upstroke than for the downstroke. These muscles may receive considerable
help from the force of the airstream, which, due to the angle of attack of
the wing during the upstroke, is directed against the ventral surface of
the wing.
Although the wing-beat cycle in bats and birds is basically similar,
even to the functions of comparable sections of the wings, the problem
of developing effective muscular control of the wings has been solved
differently in each group (Fig. 4). In birds the shoulder joint is strongly
braced by a tripod consisting of the long, bladelike scapula, the clavicle
and the coracoid (Van Tyne & Berger, 1959:225). The muscles that
attach to the scapula serve to bind it firmly to the ribcage but do not
move it appreciably. Nearly all of the power for the wing strokes is supplied by two muscles; the pectoralis controls the downstroke and the
supracoracoideus, the upstroke. The sternum is greatly enlarged and
provides a great surface area from which these two muscles originate.
The mechanical arrangement is different in bats, in which the sternum
is small and the broad scapula articulates only with the clavicle (Fig. 4).
The division of labor between the three large muscles that control the
downstroke in bats is based on the ability of the scapula to rock on its
long axis. Groups of dorsally situated muscles originating on the
vertebrae and the scapula control the upstroke. Although the largest
flight muscle in both bats and birds is the pectoralis, this muscle differs
in size between these groups. The pectoralis varies from about 6 to
33% of the total body weight in birds (Hartman, 1961), but is between
5 and 9% of the total weight in several species of bats for which data
are available (Vaughan, 1970). Whereas but two muscles, both originating on the sternum, provide the bulk of the power for the wing-beat
cycle in birds, at least ten muscles are of primary importance in controlling the cycle in bats, and only one of these muscles originates on
the sternum. The contrast between the typical deep-chested body form
in birds and the round or somewhat dorsoventrally flattened form in
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bats is a result of these differences in the muscular control of the wingbeat cycle.
Why have such strikingly different muscular systems for the control
of basically the same movements of the wings arisen in bats and birds?
Or, stated in another way, why did the apparently simpler system
developed by birds not arise in bats? As with many intriguing biological
problems, no certain answer is available. At present, although the
marked differences between the musculature of bats and birds can be
observed and thus empirically verified, the reason for these divergences
can only be inferred from the differences themselves and from the habits
of the animals. Several possible explanations for the differences may be
given. First, it is probable that during their early evolution bats were
small, as most still are, and sought refuge in cracks and crevices in
rocks or beneath the bark of trees. Such retreats can only be occupied
by animals with fairly flat bodies. The intricate division of labor between
muscles that control the downstroke in bats may have evolved within
the restrictions imposed by this type of roosting habit, a habit that
would have made a deep-bodied shape highly disadvantageous. Perhaps,
then, the distinctive flight musculature of bats is primarily the result of
"evolutionary compromise" during the early development of these animals (Vaughan, 1959:129). Or it may be that the highly maneuverable flight so characteristic of most bats demands frequent variations
in the direction and magnitude of the wing-beat, variations that require
complex divisions of labor between the major flight muscles, rather than
concentration of power in a very few unusually large muscles. Perhaps
evolution of the flight musculature in bats was influenced by both of the
above factors, for seemingly the crevice-roosting habit and the need for
high maneuverability favor the development of sin1ilar types of muscular
adaptations to flight. A third possibility is that the moveable scapula,
with its addition of another moveable segment to the wing and an
attending increase in the speed of the wing stroke, was so highly advantageous that an entire muscular arrangement developed around this
one mechanical refinement.
CONCENTRATION

OF WEIGHT

A major evolutionary trend common to all flying animals is the
reduction of weight of the wings and a concentration of weight near
the center of gravity. The light, membranous insect wing braced by
complex patterns of veins, the extraordinarily long and thin fourth
digit of the pterosaurs that alone supported the distal part of the wing,
and the specialized musculature and fused and reduced bones of the
wings of birds are all obvious results of evolution tending toward the
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reduction of the weight of the wings. In bats also, a series of structural
specializations involving muscles and bones have allowed for a great
reduction in weight of the forelimb.
Why has the trend toward reduction of weight of the wings been so
universal among flying animals? In all flying animals propulsion is
obtained by flapping movements of the wings (for a discussion of flapping flight see Brown, 1963). The kinetic energy developed during
such movement is a function of the speed of the wing and its weight.
Because the amplitude of the stroke and therefore its speed becomes
progressively greater toward the wingtip, reduction of weight in the
distal parts of the wing is especially effective in reducing the kinetic
energy developed during each wing stroke. Attending a reduction in
kinetic energy is a reduction in the energy necessary to stop one stroke
and start another. Also, the lighter the wing the lighter the musculature
necessary for its control. Lightening of the wing, then, confers several
critical advantages: 1) it provides for greater maneuverability and
greater propulsive force by allowing for more rapid movements of the
wings; 2) it increases endurance during flight by reducing the amount
of energy necessary for control of the wings; 3) it effects a reduction
of total weight, and thus reduces the energy necessary for flight, by
allowing for a reduction in the sizes of muscles that move the wing.
So basically important is lightness of wings, that in all probability a
great many structural changes furthering this trend occurred in all flying
groups before gliding flight of short duration gave way to sustained
flapping flight.
Among skeletal modifications associated with reducing the weight of
the wings in bats, specializations of all the joints of the wings are of
major importance. Probably most important is a locking device at the
shoulder joint that stops the upstroke of the wing when the greater
tuberosity of the humerus contacts the scapula (Fig. 5). This mechanism transfers the force of the wing stroke via the scapula to the large
muscles near the center of gravity that bind the scapula to the axial
skeleton. Thus, no muscles with attachments distal to the shoulder
joint are essential in stopping the upstroke. At the elbow joint in most
bats, and in all members of the advanced families Vespertilionidae and
Molossidae, movement is only possible in one plane. At the wrist also,
movement is limited to one plane by the remarkably complex joints
between the radius and the wrist bones, and between the wrist bones
and metacarpals two to five (Fig. 6). As a result, the musculature of
the forearm and hand is simplified, because there is little need for
muscles that control any movement but flexion and extension. The
reward is a reduction of weight.
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Reduction of weight in the parts of the wing distal to the carpals is
especially important, particularly in those bats with rapid wing beats.
The metacarpophalangeal and phalangeal joints between the segments
of the fingers in bats usually limit movement to the plane in which the
fingers are folded, a movement similar to that when our fingers are
flexed, and in bats the joints are strongly braced against anteroposterior
movement or "give" beyond the point at which the digit is fully
extended. The problem of keeping the distal part of the wing fully
extended against the force of the airstream during flight-a function
of most critical aerodynamic importance-is
solved largely without
dependence on heavy muscular bracing. Instead, the structure of the
joints, involving "tongue and groove" articulations that limit movement
to one plane and bracing by ligaments and by the interdigital membranes, solves the problem at a minimum of expense in terms of weight.
The third digit forms much of the leading edge of the distal part of the
wing, and because it forms the support for the tip of the wing, is subjected to considerable pressure resulting both from the wing stroke and
from the forward movement of the bat through the air. During the
downstroke, pressure is exerted against the leading edge and undersurface of the wing tip. Because each joint of the third finger is subjected
to different stresses, the structure of the joints in most bats is dissimilar;
each joint is braced against movements in the plane along which the
most powerful forces are exerted by the airstream. As shown in Fig. 1,
reinforcement for the third digit is provided by the second digit and its
distal ligament, and the second digit is reinforced in turn by the occipito-pollicalis muscle and its tendon.
Perhaps the most remarkable economy of weight in the wings bas
resulted from reduction of the sizes and numbers of muscles. These
specializations are associated with a partial transfer of the work of
extending the hand and forearm, movements made several times per
second during flight, from distally situated muscles to large muscles
situated near the center of gravity. The successive transfers of labor are
most logically considered by beginning with the hand and progressing
toward the shoulder.
In the hand of the leaf-chinned bat (Mormoops megalophylla), a
N eotropical insectivorous species, loss of muscles has progressed to a
stage typical of many insectivorous bats. The extent of this reduction
can be appreciated by comparing the muscles of the hand of a fairly
generalized rodent with no strong specializations of the musculature of
the hand-the
white-footed mouse (Peromyscus), for example-with
the musculature of Mormoops. In Peromyscus, 20 muscles originate in
the hand (Rinker, 1954). In Mormoops, in contrast, but seven muscles
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are retained; of these only one is robust and three are tiny vestiges.
The single large muscle, as mentioned previously, functions entirely to
brace the fifth digit against the force of the airstream. No muscles of the
hand are important in controlling the extension of the chiropatagium.
Two muscles of the forearm merit detailed consideration because they
are of major importance in the wing-beat cycle and are important links
in the chain of the transfer of labor. These muscles, the extensor carpi
radialis longus and brevis, function as partially "automatic" extensors
of the distal part of the wing (Vaughan, 1959:80). That is to say,
with extension of the forearm these muscles extend, seemingly with
little muscular effort, the distal part of the wing. This specialized function depends largely on two structural modifications. One is the migration of the origin of these muscles up the humerus, away from the center
of rotation of the elbow joint. This causes the distance from the origins
to the insertions of these muscles to be increased by extension and
decreased by flexion of the forearm (Fig. 3). Stated in other terms, the
tension on these muscles is regulated partly by the degree of flexion of
the elbow joint. A second modification is the reduction of elasticity of
these muscles by sheaths of connective tissue that envelop their bellies.
With a minimum of muscular effort these muscles can probably act as
inelastic cords. As a functional result of these two specializations, when
extension occurs at the elbow joint the proximal displacement of the
origins of the extensor carpi radialis longus and brevis is transmitted
along these relatively inelastic muscles to the second and third digits,
which are pulled foreward, thereby spreading the chiropatagium
(Fig. 3).
Flexion of the chiropatagium is also partially automatic, and is partly
under the control of the flexor carpi ulnaris. This muscle flexes the
fifth digit; but, because the digits are connected by flight membranes,
this muscle also flexes the entire chiropatagium. This flexor muscle
resembles the extensors discussed above, both structurally, in having
an investing fascial covering, and functionally, in being fairly inelastic.
A further similarity is that in many specialized bats the origin of the
flexor carpi ulnaris is well away from the center of rotation of the
elbow joint. In Monnoops, for example, the origin is on the end of a
long process (the distal spinous process) arising from the medial aspect
of the distal end of the humerus. When the forearm is flexed, the tip of
this process swings proximad to the center of rotation of the elbow
joint, whereas it moves distad to this point during extension (Fig. 3).
The origin of the flexor carpi ulnaris is accordingly moved proximad
with flexion of the elbow, and this movement is transmitted to the fifth
digit ( via the pisiform bone), which is flexed. Paralleling the partially
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automatic extension of the chiropatagium with a corresponding movement at the elbow joint, then, is the partially automatic flexion of the
chiropatagium with flexion of the elbow joint.
The muscles of the upper arm of bats are different in several ways
from those of terrestrial mammals. Most obvious is the shortening of
the bellies of these muscles. Whereas in most terrestrial mammals the
fleshy parts of the triceps and biceps muscles completely span the
humerus, in many bats the bellies of these muscles lie within the
proximal third of the humerus, and the distal two-thirds of the muscles
are entirely tendinous. The triceps muscles seem to be unusually small
in bats considering their importance in extending the wing and in
steadying it during the downstroke; but seemingly these muscles have
help from the pectoralis muscles. One division of the triceps muscle
(usually the largest division, the triceps longus) originates on the lateral
border of the scapula posterior to the center of rotation of the shoulder
joint. Extension of the humerus by the pectoralis muscles, therefore,
increases the distance between the origin and insertion of this head of
the triceps and helps extend the forearm. In addition, the force of the
airstream directed against the leading edge of the distal part of the wing
may aid in maintaining full extension of the forearm.
The prime movers of the wings, the pectoralis, subscapularis and the
posterior division of the serratus anterior, are all situated proximally,
near the center of gravity, the first two originating on the axial skeleton.
The pectoralis and subscapularis insert on the humerus, but attach to
the proximal parts of the bone and do not add appreciable weight to
the wing. Of particular interest is the extension of the humerus by
the pectoralis when it pulls the wing through the downstroke, for this
extension provides part of the power for an important chain of actions.
Extension of the humerus helps the triceps extend the forearm. This
action, in turn, yields much of the force that is transmitted through
the extensor carpi radialis longus and brevis to the second and third
digits and that results in extension of the fingers (Fig. 3). Basically,
then, some of the major specializations of the musculature of the wing
serve to transfer much of the work of extending the fingers and the
forearm to the largest muscle of the bat, the pectoralis. This transfer
allows a considerable reduction in the weight of the distal musculature
of the wing, a reduction in the output of energy necessary to control
the wings, and an increase in the speed with which the wings can be
moved. Because of this transfer, the slender, seemingly delicate muscles
of the forearm are adequate to control the demanding extension and
flexion movements associated with the wing-beat cycle.
Considerable variation in the musculature of the forearm is present
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between different taxa of bats. The mechanical arrangement described
above is typical of members of such specialized families as Vespertilionidae, Molossidae, and the subfamily (?)Chilonycterinae. In many
more primitive groups, such as the families Rhinolophidae, N atalidae,
and most members of the family Phyllostomatidae, many of the mechanical refinements associated with lightening of the wing are not as
described above. As would be expected, in these more primitive bats
the forearm musculature is relatively heavier than in the vespertilionids,
for example. In this connection, however, it should be stressed that the
demands of efficient flight have not alone guided the evolution of the
chiropteran wing. Some species are known to use their wings for
capturing insects (Webster & Griffin, 1962; Tuttle, 1968), and many
species in the families Pteropidae and Phyllostomatidae use their forelimbs for handling food. Probably in most bats the structure of the forelimbs is the result of evolutionary compromise; seemingly, the skeleton
and the musculature have evolved within the limits imposed by the use
of the forelimbs in flight, climbing, and in food handling.
RESUME

Flight, wherever it arose in the animal kingdom, required the
development of lifting surfaces (wings), a means of propulsion and the
concentration of weight near the center of gravity. In bats, membranes
stretched between the body, the bind limbs and the elongate bones of the
forelimb serve as lifting surfaces. A series of reinforcing mechanisms
involving muscles, bones and ligaments enable the proximal part of the
wing to develop lift through much of the wing-beat cycle, while the
tip of the wing, acting much like a variable-pitch propeller, produces
propulsion. Sustained flapping flight demands rapid wing action, precise
control of the wings, and the use of the least possible energy to produce
the wing-beat cycle. These requirements have forced a striking reduction in the weight of the wings in bats, a reduction furthered by unique
muscular and osteological specializations. Bats and birds have utilized
different styles of flight, and muscular control of the wings has evolved
along contrasting morphological lines in these groups. While the pectoralis and supracoracoideus muscles, originating entirely on the greatly
enlarged sternum, provide the bulk of the power for the wing-beat
cycle in birds, at least ten muscles are of primary importance in controlling the cycle in bats, and only one of these muscles originates on the
sternum.
The styles of flight and the morphological adaptations for flight in
bats seemingly evolved under several important influences. Perhaps
of major importance was the reliance in most bats on echolocation as a
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means of perceiving the environment. Because echolocation allows
detailed perception of obstacles or food items only at close range, usually
within a few feet, slow, highly maneuverable flight is necessary. This
style of flight is also used during foraging. Seemingly, microchiropteran
bats used insects for food during their early evolution, and considering
all bats, the most common source of food is still insects. Most bats
remain in flight continuously while foraging, and capture flying insects
with the mouth or flight membranes after sudden, intricate maneuvers.
The typically chiropteran division of labor between a large group of
muscles that control the wing-beat cycle favors rapid, precise control
of a variety of wing movements and may have evolved in response to
the need for high maneuverability.
Perhaps the distinctive chiropteran pattern of flight musculature
developed within the limits imposed by a crevice-roosting habit. Probably primitive bats frequently sought refuge in such places as crevices
in rocks or under bark, roosting places important today to many bats.
The use of several muscles to power the downstroke in bats apparently
facilitated the use of such retreats by eliminating the need for enormously enlarged pectoralis muscles and a deep-chested, birdlike form.
Seemingly, then, echolocation, foraging habits featuring the capture
of flying insects, and the use of crevices as hiding places all favor the
unique muscular adaptations for flight that occur today in bats. These
may have been critical factors "guiding" the early evolution of bats.
Much further work is necessary to gain a clear understanding of
the adaptations for flight in bats. The post-cranial morphology of most
bats remains poorly known, and only preliminary work has been done
on the importance of the hind limbs in connection with the wing-beat
cycle. Additional research using high-speed photography under field
conditions will be basic to an understanding of the functional morphology of bats.
Department of Biological Science, Northern Arizona University, Flagstaff, Arizona 86001.

Published by SMU Scholar, 1970

17

